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摘  要 
 I 
摘  要 
甲烷 C-H 键活化是最基础的化学问题之一。金属氧化物是其常用催化剂，





1. 针对 V(Ⅴ)-O(-H)中性团簇结构的 V=Ot、V-Ob-V、V-Ob-H 三种氧位，V=O、





机理中电子由 CH4 的 HOMO 流向 V(Ⅴ)-O 团簇的 LUMO。 








3. 不同配位结构中性团簇，对 C-H 活化的高低顺序（及最有利机理）依次
为：V2O5(1) ([4+2]_01)、VO3H ([2+2]_01)、VO5H5 (H-ab_03)、VO4H3(1) (H-ab_01)。
配位数相同时，高聚团簇活性高于低聚团簇。组成相近时，团簇活化 C-H 的活
性高低顺序依次为正离子、中性、负离子团簇。团簇对甲烷 C-H 活化性能高低





































C-H bond activation of methane is one of the most fundamental chemistry issues. 
Metal oxides are common catalysts for C-H activation of methane, especially for 
V-based catalysts with good catalytic behaviors. However, there are some debates 
upon active sites, mechanisms and factors to affect the reaction activity. 
This thesis presents a density functional theory (DFT) study on mechanisms of 
C-H activation of methane by V(Ⅴ)-O clusters with different structures. Based on the 
calculation of C-H activation of methane at the designed V(Ⅴ)-O cluster models, we 
can draw some rules upon the effects of structures and charges of the clusters on C-H 
activation, which may provide a guide for the design of catalysts in selective 
oxidation of light alkanes. The obtained results show as following, 
1. For neutral V(Ⅴ)-O(-H) clusters, three kinds of oxygen sites — V=Ot, 
V-Ob-V and V-Ob-H, and four kinds of bond types — V=O, V-OV, V-OH and H-OV 
are considered. The related mechanisms of C-H bond activation of methane by the 
clusters are classified into two types: free radical (H-ab) and concerted ([1+2], [2+2], 
[3+2], [4+2], [5+2] and [6+2]) mechanisms. For positive charged V(Ⅴ)-O ion clusters 
(eg. V2O4
2+
), H of CH4 can be transferred to the clusters in forms of H
-
 in H 
abstraction mechanisms. From analysis based on the frontier molecular orbital theory, 
we recognized that electrons are transferred from the HOMO of CH4 to the LUMO of 
V(Ⅴ)-O clusters. 
2. Four kinds of mechanisms — H-ab, [1+2], [3+2] and [5+2] are involved into 
different combination of C-H with oxygen sites of clusters. C-H activation is closely 
associated with the electrophilic ability of oxygen atoms. The lower the charge 
population on the oxygen atoms, the more easily C-H activated, e.g., the charge 
population on the end oxygen atom is the least with respect to the other forms of 
oxygen atom, so its electrophilic ability is the strongest. However, the charge 
population of bridge oxygen atom of V-Ob-V and V-Ob-H depends on the specific 
structures of the clusters. For [2+2] mechanisms, the main factor to affect C-H 
activation is the polarity of the chemical bond between the two atoms of the clusters 
involved. The larger the charge population difference between the two atoms, the 















clusters is complicated, which may rely on the structures of clusters, the interacted 
formes of the clusters with methane, and the charge populations of the clusters, so no 
significant rules are found. 
3. For the neutral clusters with different coordination structures, the ability to 
activate C-H (and the most feasible mechanism) is lowered with the order: V2O5(1) 
([4+2]_01), VO3H ([2+2]_01), VO5H5 (H-ab_03), VO4H3(1) (H-ab_01). When the 
coordination numbers of V in the clusters are the same, the C-H activation by the 
high-polymerized clusters is higher than the oligomerized. However, for the clusters 
with not much different compositions, the ability to activate C-H decreased according 
to the order of cation, neutral, anion clusters. The C-H activation order by the clusters 
is nearly opposite to the order in size of their LUMO energies and LUMO-HOMO 
energy gaps. 
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V2O5 催化剂的主要载体包括 SiO2、Al2O3、TiO2、ZrO2、Nb2O5、CeO2 等
[30]，
在理论方面也进行过相应载体效应的研究[31]。实验表明，在低负载量时，V 以孤
立的 VO4 单元存在，其为变形的四面体结构，包含一个 V=O 和三个 V-O，其中
V 为+5 价；而在高负载量时，其会以多聚体形式存在；若再增加负载量，其会
形成更大的单元，直至载体表面上完全覆盖一层[30]。 
其中，以 SiO2 为载体的 V2O5 催化剂在实验
[32-39]、理论[33,35,40-44]方面都受到
了特别广泛的关注。影响此催化剂行为的主要因素在于活性相的分散程度和水化
程度，它们都会强烈地影响 V-O 物种的存在形式[36,37,45]。Figure 1.1 显示了不同






















Figure 1.2 为提出的 SiO2 表面的 V-O 物种水化过程。可见含水条件下 V 的配
位数、聚集形式、所连 OH 的数目都复杂多变。 
 






[47,48]，而含水条件下 V2O5/SiO2 催化剂对甲烷 C-H 键活化的催化性能很少有人进
行理论研究。 
1.2.2 气相团簇 
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